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...87

..100
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Figure46. The crystal structure of 6Li4Si/.sP11/40sBr. Lil and Li2 are the lithium sites in the

stoichiometric structure, and Li3 is the site where additional lithium is stuffed........... 105
Figure 47. (a) Crystal structure of LiGa@EeGreen and pink polyhedrons represent the

coordination environment of lithim and gallium, respectively. (b) Isosurface

of LiHon probability density fronab initiomolecular dynamics simulation at

000 PP P TP PPPPPPPPPPP 105
Figure 48. Measured thermal contact resistance at the lithlLtdO interface as a function of

external pressure. The befit roughness of deposited lithium at the interface

is obtained for the lithium roughness of 3:4Y I G  ( K S....A.y.0.S.NF...0.S.108
Figure 49. 1sapshots of the optimized interface betweerCScathode and #:S; amorphous

OIASSCEIAMIC SSE..... ..ottt ettt e 111
Figure 50. Evahted intrinsic electrochemical windows of the solid electrolytes and of their

decomposed lithium binary compounds. Each column bar is colored according

to the corresponding reaction energy (eV/atom)............couuuuuiuiiiieeeiniiiieiee e 114
Figure 51. Effect of varying amountsagktylene black (AB) and multiwalled carbon nanotube

(CNT) in supelP cathode on the electrochemical performance e$ldoin cell

with lithium anode and conventional liquid electrolyte (1 M LiTFSI in 1:1

DOL:DME). As shown, discharge curves for battesithssuperP cathode

containing (a) different amounts of CNT and 2 wt% AB operated°at 80d

Sloading of 3 mg/m?, (b) optimized composition 9 wt% CNT and 2 wt% AB at

different Sloading [3 mg/cm(red), 4 mg/cn (blue)] and operating

temperatures [30C (dotted line), 68C(solid line)], and (©ptimized

composition 5 wt% CNT and 7 wt% AB-kiasling of 3 mg/crhand two

operating temperatures [3T (blue), 68C(red)]. All batteries are cycled at

Figure 52. Discharge curve for sedtdte LiS battery made up of lithium anodegRBF sChs

solid-state electrolyte, and supeP cathode with sulfur loading ofrBg/cn?

and two optimized compositions, namely 2 wt% AB + 9 wt% CNT (blue) and

7 wt% AB + 5 wt% CNT (red). Both batteries are Ctl€ARLO0..............ccceveieiiiiiieeennnnn. 119
Figure 53. Temperature dependence ofdd conductivity §) for (a) LiPS (orthorhombic),

(b) lowtemperature LiP$ (orthorhombic), and (c) higtemperature LiPS

(cubic) obtained using classical molecular dynamics simulations emplbging t

newly developed reactive force field. EA andokare the activation energies,

and the extrapolated roortemperature conductivities are calculated using the

slope and intercepts of each semilog plot........cccooiiiiii e e, 120
Figure 54. Average number density3yAvolution of cobalt, lanthanum and cobalt,

phosphorus ions at the (a) LLZO(001)|LCO(100) andRBN|LCO(100)

interfaces. The lithium, lanthanum, zirconium, cobalt, phosphorus, nitrogen,

and oxygen ions are represented by green, yellowsbdleg, blue, oange, cyan,

and red spheres, respectively, in the structural representation of the

LLZO(001)|LCO(100) and LIPON|LCO(100) interface............cuuvvrrmiieeeeeeeiiiininneeeenn 122
Figure 55. Generated precursor or nucleation seeds for secondary phase formation at the

LLZOJ|LCO interfaces. (a) Lago®) LisLasCoQ, (c) LisLaCesOs, and

(d) disordered LiCaQOThe lithium, lanthanum, cobalt, and oxygen atoms are

represented by green, yellow, blue, and red spheres, respectively........................... 123
Figure 56. Surveys of potential energy surfaces of (a) Lesbaldc) LisLa sCoQ with

representative structures shown in (b) and (d). The lithium, lanthanum,

cobalt, and oxygen ions are represented by green, yellow, blue, and red

SPhErES, FESPECHIVEIY..... . e e 123
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Figure 57.

Figure 58.

Figure 59.

Figure 60.

Figure 61.

Figure 62.

Figure 63.

Figure 64

Figure 65

Zdoped (1/3 of cobalt sites) NM&L1 enegy distribution for several random

cationic configurations. Insets show top view of three transimoetal layers in

the simulation cell for the lowest and highest energy configurations. Purple,

blue, grey, yellow, and green tetrahedrons represent manganesbalt,

nickel, zirconium, and [IThIUM SIEES.........iiuiiiii e 126
Side view of schematic simulation cells comparing LNO an@NMG@west energy

lithium distribution (lithium content: x = 0.12). Purple, blue, grey, and green

tetrahedrons representnanganese, cobalt, nickel, and lithium sites. Small red

SPheres repreSENt OXYGEN 10NS. ... .ciieeiiiiieiiiiiii e e e eeeeeiii e e e e e e e e e e s e e e e e eeeeesannnaannes 127
Cyclic voltammetry experiments of-CPA3.PS | Lin cells under the voltage scan

rate of 0.1 mV/s. (a) Experiment starts with anodic sweep from apeit

voltage to 5 V versus'llii, then reverses the scan to 0 V. (b) Experiment starts

with anodic sweep, but to 3.4 V instead o¥/5and then reversesto O M.............cooo.e. 129
Experimentally measureday absorption neaedge spectra of the phosphorus

K-edge (a) and sulfur-&dge (b) of LPS from the cyclic voltammetry (CV)

experiment within 85 V scanning range. (c) Current (red solid line) and voltage

(green dashed line) profiles from the CV experiment. Spectra in (a) and (b) are

vertically shifted forclarity. Markers in (c) indicate the states of the samples

that were prepared for Xay absorption spectroscopy measurement. The

voltage sweep rate iS 0.1 MV/S....cooiiiiiiiiiiiiiiii et 130
Experimentally measureday absorption neaedge spectra of the phosphorus

K-edge (a) and sulfur-&dge (b) of LPS from the cyclic voltammetry (CV)

experiment within 83.4 V scanning range. (c) Current (blue solid line) and

voltage (green dashed line) profiles from the CV experiment. Spectra in (a) and

(b) are vertically shifted foclarity. Markers in (c) indicate the states of the

samples that were prepared forfdy absorption spectroscopy measurement.

The voltage sweep rate iS 0.1 MV/S.......uuiii i e e 131
Simulated sulfuré€ige Xray absorption neaedge spectra of pristine and-tiefect
i -LPS (bottom) compared with experimental references (t0p)..........cccevvvrvvirineeeennnn. 132

Morphologies of (a) sinddger polyethylene separator (20Y0 X 6060 o05h
LRf@AYARS YR T >Y LRfeSiket Sygs |
polyethylene. (ef) Morphologies of lithium deposited on copper with
separators (a), (b), and (c), respectivelycurrent density of 0.4 mA chfor
0 ] o 18 £ 138

. (a) Rootemperature cycling performance of Li||[NM&22 coin cells with three

separators shown ifrigure 63ac. (b) Roortemperature cycling performance

of Li||[NMC-622 coin cells with two dual separators. The cells containedrb0

thick lithium, 4.2mAh cm* NMG622, 75 uL DMEEHCE (LiFSI:DME:FTEL.1:3

by mol.), and were cycled between 2454 V wih C/10 charge and

C/5 discharge after three formation cycles at C/10, where4@ mA crff..........c..ue....... 138
.4) Schematic ah situprelithiation process that applies a layer of lithium mesh on

silicon anode in battery fabrication. (Bhe mechanism ah situ prelithiation

reaction based on shorting mechanism. (c) Digital photos of the silicon anode

before (upper) and after (bottom) 2dour in situprelithiation by lithium mesh.

(d) Scanning electron microscopy images of the silicon anode before jupper

and after (bottom) 24hourin situprelithiation by lithium mesh..................... 141
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Figure 66. Charge/discharge curve of theGMSH/ZnSCa;N¢C/S cathode at 0.C

and the correspondin@ situhigh-energy Xray diffraction (HEXRD)

patterns. Point#A/D and B/Gndicate the critical voltage point of the

appearance/disappearance ob&i(marked by the black boxes in HEXRD)

and LiS (marked by the blue boxes in HEXRD), respectively..............ccccovvveeniennnn. 147
Figure 67In situU\tvisible spectroscopy observations and corresponding digghcurves of

(a) KB/S and (b) 3DMSH/ZnSCaN-C/S cathodes at 0.1 C. Inset of (a): digital

photograph ofin situcell of KB/S cathode after testing; inset of (b): digital

photograph ofin situcell of 3BOMSH/ZnSCaN-C/S cathode after testing.

Colorbars indicate the derivative of reflectance, with pink corresponding to a

positive number and blue corresponding to a negative number..................ceeeeeennnn. 148
Figure 68. (a) Capacity retention of 3@@-sulfur pouch cell using 3DMSH/ZnSCa;N¢C/S

cathode with an E/S ratiof@d ni/mg. Inset: digital photo of the agrepared

6 cmx8cm cathode. (b) Cycling performance of 20@-sulfur pouch cells

using 3ABOMSH/ZnS/S and 3ADMSH/ZnSCa;N¢C/S cathodes with an

E/S ratio Of LOM/IMQ. ..veeiiiiii e e e e e e 149
Figure 69. 3D porscale models for (a) small particle cathode (SPC) and (e) large particle

cathode(LPC). The electrolyte and air distribution along the electrode

depth x for (b) SPC and (f) LPC. Top and-sexdnal view of micro

computed tomography images of (¢) SPC and (g) LPC. Tortuosity and flow

path of (d) SPC and (h) LRC........oorii e e 151
Figure 70. Deghing redox mediators (RMs) for-ablid-state lithium-sulfur batteries (ASSLSBSs).

(a) Proposed reaction scheme of the RMs for ASSLSBs. Effective RMs solubilized

in the solid polymer electrolyte (SPE) shuttle electrons between current

collectors and thewfaces of isolated £$ particles. During the charging

process, RM chemically oxidizes4d to polysulfides, while RMs reduced to

RMed(step A, chemical reaction). Riydiffuses toward the current collector

and is oxidized to the initial state BfiVbx near the current collector surface

(step B, electrochemical reaction). The light blue color indicates the SPEs.

(b) Schematic®icharge profiles of ASSLSBs with (orange line) and without

(blue line) RM. A high charging voltage4V versus t/Li) is necessary to

activate LdS in the ¥ charge process.4S is directly converted to elemental

sulfur through a twephase transformation. Grey:;Hi particles; and yellow:

sulfur. (ee) Cyclic voltammogram curves and chemical structure of (c) AQT,

(d) AQC, and (e) Lil in PEO/LITFSI SPEs at a scan rate of &.1Tim& dotted

line is the equilibrium potential 0f 43S (~ 2.15 V Versus/Li).........c.cccoviiiieiviiiiiieeeineene, 154
Figure 71. (a) Conversion reaction mechanism of PMTH molecule. (b) Cyclic voltammetry

profiles at 0.05 mVs (c) Galvanostatic voltage profiles and corresponding

dQ/dV curves. (d) Cycling performance at 0.1 C and (e) rate performance at

25°C. Crossectional scanning electron microscopy (SEM) images of the

cathodeSSE pellet (f) before (inset is the thicknemsasurement) and (g@fter

cycling. Energy dispersive spectroscopy mapping of cathode|SSE interface

(h) before and (i) after cycling. Torew SEM images of cathode and

SSE surface (j) before and (K) after cyCling............oooeiiiiioi e 157
Figure 72. Calculated cell enempgnsities of -5 with different electrolyte excess..........cccoooevveiineeaeen. 162
Figure 73. (a) Cycling performance of the H&T&lectrode. (b) Cycling voltage profiles of the

HATNS ElECIIOUE. ... e 163
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Figure 74. (a) The Li||Cu cycling Coulombic efficiency of localized highntratomn

electrolyte (LHCE) and baseline electrolyte. (b) The dense lithium plating

morphology of LHCE. (c) Voltage profile-&@ Somposite electrode cycling

] I [ SO UUPPPPUPPRRR 164
Figure75. Cryq; focusedion beam/ scanningelectronmicroscopy images of (a)(&omposite

electrode and (c) its zootim image. (b) HATS electrode and (d) its zoein

1 E= T [PPSR 164
Figure 76. Thermal gravimetric analysis curves of (a) elemental sulfur powdesSg@mwder,
(c)PVDmpowder, and (d) supeP conductive carbon powder.............ceeveeveeiiieennnnennn. 165

Figure 77. Thermal gravimetric analysis curves of (a) elemental sulbk® powder mixture.

(b) HATNS pristine electrode. (c) HATNelectrode after 3 cycles. (d) HASN

electrode after 10 CYCIES. ......ooiiiiiiiiii e 166
Figure 78. Titration gas chromatography analgsiithium inventory. Voltage profiles of

HATNS cells for the (a) first 3 cycles and (c) firstyi€les. The lithium

inventory quantification of HATS cells after (b) 3 cycles and (d) 10 cycles................ 167
Figure 79. (a) Open circuit potential of SEI veligisim metal (reference electrode) when

exposed to @gas. (b) Cycling profile of the SEI versusdtal cell in argon

atmosphereafter exposing the SEI ta,QCyclic voltammograms (CVs) of the

pristine SEI and SEI exposed t@@s (c) ¥ scan and (d2" scan, indicating

the relatively reversible CV current peak &.0 V versus ULi...........cccccvvviiiiiiiiiiieeennnnns 174
Figure80. (a)Schematic of interlayelpased electrechemical cell developed for studying the

catalyst. (b)Constant current charging profile of the bare-8&$al cathode.

Deposited IO, over the surface on a carbon paper gas diffusion layer (GDL),

(c) high and (d) low magnification. Scanning electron microscopy of the carbon

paper GDL after charging in an interlayer position (no electrical contact to

circuit) at(e) high and (f) low magnification..............ccoeveiiiiiiiieeiii e, 174
Figure 81. (a) Galvanostatic cycling resultsa#itcell with SnS/rGO and Mo&thodes at the

current density of 0.3mAcr No redox mediator was used for both batteries.

The dashed black linepresents the charge potential of Mp& the ' cycle.

(b) Cycle numbers versus charge/discharge potential for the fresh (blue) and

replaced (red) lithium anode after 50 cycles of operation of the tin sulfide

(SnStatalyst. (ed) Linear sweep voltammet results of SnS/rGO nanoflakes

(NFs), MogNFs, gold nanoparticles (NPs), and platinum NP electrodes under

oxygen reduction reaction and oxygen evolution reaction with a sweeping rate

[0 51011 01 SR SUPRPPPIN 177
Figure 82. Synthesis of powder followed by liquid Bxfion before deposition on

tNE SUDSIIALE. .. .. e e et e e e e e eeaaae 180
Figure 83. Discharge/charge curves at current density and capacity mf20c3 and

300MAN/G, FESPECHIVEIY. ...eve e e 180
Figure 84. Linear sweep voltammetry results of studied catalysts foredQction (a)and

(@ @7 AV o] (011 ol ol (o) = (o110 4 IS TS 180

Figure 85Structure characterization. (a}rdy diffraction of pristine&NaMnFeCoNi©
(b) Highrangle annular dark field scanning transmission electron microscopy
(HAADFSTEM) image of pristifdgaMnFeCoNi© (c) HAADISTIM image of
NaMnFeCoNigafter 1% charge. (dSchematic illustration of phase
transformation during $Charge...........cooiiiiiiiiiii e 184
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Figure 86. (a) Cycling performance of strained O3 dN&Mib «Ca O, cathode within 2.@3.8 V

at 0.08C. (b) Normalized capacity retemtiof O3NaNp.sMng 4Ca 20, cathode

at different cycling conditions. The capacity loss rate in (b) is the slope of the

linear fitting curve of the CAPACITY.........coii et 187
Figure 87Insitu synchrotron characterization during charge/dischargesitu nickel kedge

X-ray absorption neaedge spectroscopy of strained Qi2Np.4Mno 4Ca 20,

within 2.0-4.4V: (a) during charge, (b) during discharge, and (c) 2D contour plot

during charge/discharge. Voltage profiles and the corresponding 2D contour

plot of in situsynchrotrorbased Xay diffractionpatterns during

charge/discharge dD3NaNb.4sMno sCa 20, cathode within (d) 2.8t.4 V and

(e) 2.03.8 V. The color in {€) represents the intensity, with red for highest

=g o [ o] (W TSN {0 gl [0 Y= S 188
Figure88. (a) Nickel, (b)obalt, and (cjnanganese dge Xray absorption neaedge

spectroscopy of strained O3 NabWino.Ca 2O, cathode at different charge

AN AISCNAIGE STATES. ... eeuiiiii ettt e eee e e e e et e et e eeenannes 189
Figure 89. Synchrotronvdy diffraction patterns of Mgs7Ti.81504 aNd N@ 74Tk 81508 ..vvvvvvvviiiiiiiiiiiiinnnnnn 192
Figure 90. (a) Discharge/charge capacity retention and Coulombic efficiency il Mg :=Ox

and Na 74T g1504 electrodes. (b) The"2and 10" cycle dQ/dV plots of

MQo.37Th.8150s and Na 74T s1504. All cells were cycled in 0.5 M

NaPhB/DEGDME electrolyte at a current rate of 8 MA.G.......cccvveevieeiiieeiecerieeeiee, 192
Figure 91.4) Titanium Kedge spectra in the-Kay absorption neaedge spectroscopy region

for Mgo.74Th 81504 electrode atend of the ® discharge and charge, and their

corresponding magnifation view (b). (c) Titaniumédge spectra in the

fluorescence yield mode, and) ex situ synchrotron Xray diffraction patterns

of Mgo.74Th 51404 electrodes atend of the ® discharge and charge..............ccvvvvvvvveeeeee. 193
Figure 92. (a) Cycling performance of mirégttrolytes based on tetraglyméuorinated

solvent (VC, FEC, BTFE, or TTE) in 90:10 (%vol)MvXtaBEin Naj|[NaNMC

half-cell at C/10 rate; mass loading: 3@ mg/cn¥; at voltage range of

2-4.2 V. (bc). Cycling performance of rational electragtof NaFSI: esolvent:

TFP = 1: 1.5: 2 in mol. used for full cell of HC||[NaNMC (mass loading

1.5mAhcm?), 3 formation cycles at 0.05 C and cycling at 0.2 C rate

(1C =200 mA/g), and voltage range OF 4.2 V..........ccoooiiiiiiiiii e, 195
Figure93. The electrochemical perfmances of NC, NMC, and NATM cathodes in coin cells

with Lkmetal anode and in pouch cells with graphite anode Qlaarge and

discharge curves and (BRdV* curves of the 8 C/10 formation cycle.

(c)Rate performance tests with a constant C/5 charge.r&yclability

evaluation in (d) coin cells for 1@9cles at a C/3 rate between 2.8 V and

4.4V and in (g)ouch cells for 800 cycles at a C/2 rate between\2aihd

4.25V. (flNormalized peak areas of raw tiredé-flight secondary ion mass

spectrometry data of interphasial fragments on cathodes after 8@ffes. Each

sample is sputtered three times on three different locations to yield normalized

average peak areas. (8ranning electron microscopy images of pristine and

cycled cathodes afte800cycles. The scale bars in (€) are 20 JUM........cooeeeveviieeeennn... 197
Figure 94. (a) Molecular design from DME to DEE. (b) Molecular dynamics simulations for

1 M LiFSI/DME, 1 M LiFSI/DEH, UiFSI/DME, and 4 M LiFSI/DEE. (c) Aurbach

method to determine averageirmetal Coulombic efficiencyusing different

electrolytes. (dCycling performance of thihi| high-loadingNMG811 full

cells under limited electrolyte and practical cyclomnditions..............cccooiiiiiiiiiceennnnnn. 198
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Figure 95. (a) Charge/discharge curves and (b) cycling performancdafed NME811

electrode using thdriethyl-phosphate TEPYased electrolyte and imetal

anode. (cCycling performance of the -Albped NMG811/ graphite full cell

iN the TEMASEd ElEeCHOIYTE.......... e 199
Figure 96. (left) Coulombic efficiency versus cyclaler of lithium deposition on copper. The

deposition capacity is 1 mAh that a currentdensity of LmA&B A G K cn >

electrolyte for each coin cell. Testing procedure: a given amount of lithium

metal is plated on copper and then stripped off with aaftivoltage of

1 V versus Li/LiThe electrolytes are 1 M LiFSI and 2 M LiFSl-didxéne

(1,4DX). (right) Linear sweep voltammetry curves of 1 M LiFSIHDX,,4

2 M LiFSI in 1;BX, and 1 M LiFSI in DME. The scan rate was G.LV..S......ceeeeveveevennn. 200
Figure 97(a) Capacity versus cycle number fom®0 Li||[NMC-622 (4 mAh cniinitial

capacity) full cell using different electrolytes (1 M LiFSI irdib¥ane, 2 M LiFSI

iN14RA2EIySTE FYR M a [AC{L Ay 5a90 |G (GKS @2f

(b) Capacity versus/cle number for 5@m Li[|[NMC-622 (4 mAh cnt initial

capacity) full cell at different cuaff charge voltage (4.4 V, 4.5V, and 4.6 V). All

cells were charged and discharged at C/10 for thiétmation cycle and then

cycled at C/3. The volume ofeldkR t @ S 61 & cn =[...T2NL.SLIWK O2AY
Figure 980perandddifferential scanning calorimetry measurements (dotted curves for

electrochemical test and solid curves for the measured heat flux) of novel

ether-based M47, ED2, T3, and StanfordA{LiFSI in BMB) electrolytes and

traditional carbonate electrolyte [M LiPEin EC/DMC (1:1)] for TARGRAY

NMGC811 that were charged and held at 4.5 V, while ramp heating and

isothermally holding at 30°C, 45°C, and 60°C for 20 hours.-¢apfdd

MTI coincell parts. (b) Atoated Hohsen coin cell with aluminum foil added

(o] v 1 g o0 (][ [PPSR 201
Figure 99Electrochemical performance of Li||[NME&L1 cells and electrode structures after

storage for 18 months at different conditions.-qaVoltage profiles of the cells

stored at different states of charge (SOC) and temperatures%&$0C and

30°C; (b) 0% SOC and 55°C; (c) 50% SOC and 55°C; and (d) 100% SOC at 55°C.

(e) Annular bright field scanning transmission electron microscopy-£AEM)

image of NM@11 particle stored at 0% SOC and 30%@) Structures of

NMGC811 particle stred at 0%50C and 55°C: (f) focused ion bepsganning

electron microscopy (FIBEM), (g) highngle annular dark field STEM, and

(h) ABFSTEM images. (i) SEM crasstion image of kinetal anode after

storage at 0% SOC and 30°Ek) $EM crossecion and surface images of

Limetal anode after storage at 0% SOC and 55°C. (l) SEI compositions of

Likmetal anode after storage at 0%0C and different temperatures..............ccceeceeenee.. 202
Figure 100Coulombic efficiency (CE) testing with Li||Cu half cells anddtal deposition

morphology. (a) Cycling CE of Li||Cu cells in different electrolytes. (b) Aurbach

CE of Li[|Cu cells in different electrolytes. (c) Scanning electron microscopy

images of deposited lithium metal on copper substrate under 0.5 mA#d

lithium deposition capacity of 4.Ah/cn?in different electrolytes...........cccccceeeeeeeennee.e. 204
Figure 101Electrochemical performance of Li||[NGBIL1 coincells in the different electrolytes

between 2.84.3V. (a) Initial voltage profiles of Li||[NGI811 coincells at 0.1C in

different electrolytes. (b)/oltage profiles of the Li||[NCM11 coincells at

different cycles in electrolyt€. (c)Cycling performance of Li||[NCM11 coin

cells at 0.2 C for charge @0.5C for discharge in different electrolytes.-ff

Limetal anodeand 30 pL of electrolyte were used for all cases. 1 C mB/Bn?. ............ 204
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Figure 102Characterization of inetal anodes obtained from Li||[NCA311 coin cells after

50cycles. (a) Topiew scanning electron microscopy images of cycleddtal

anode in diferent electrolytes. Highesolution fluorinels, phosphorugp,

and carbonls Xray photoelectron spectra of formed SEI in (b) electrolyte A,

(c) electrolyte B, and (d) €leCtrolyte.C..........uriiiiii e 205
Figure 103Sulfurized pyridine polymer for battery. (a) Structaifethree polymers before and

after sulfurization. (b) Infrared for SPAN and@P. (c) Charge/discharge

curves for SPAN, SP2VP, and SP4VP in liquid battery. (Cathode weight ratio

active materiat carbonblack: binder8:1:1, with LFEEC/DMC electrolg,

charge/discharge rate 0.2C) .. ..ouuuuuuiiiii et e e e e e ennees 207
Figure 104(a) Cycling performance and voltage profiles of SPAN synthesized at

three temperatures: (b) 300°C (300SPAN), (c) 450°C (450SPAN), and

() 550°C (550SPAN)....ceeeeeeetee ettt et e e e e e e e et a e e e e aa i aaaes 208
Figure 105. fect of morphology control on lifting the corrosion of lithium in liquid

electrolyte. (a) Schematics of stacking pressure control set up. (b) Trend of

LP mass retention (%) of lithium plated under two stacking pressures

(coin cell pressure and 350 kPa pressure) in Gen 2 electrolyte. (c) The

comparison between L.imass retentions (%) of lithium plated in Gen2

electrolyte with 350 kPa and in Bisalt elecyttel in coin cell. (&) Topview and

crosssectional scanning electron microscopy images of the deposited lithium

metal in Gen2 electrolyte: under coin cell pressure after (d/ h) freshly

deposited and (e/i) after 7 days of resting, and under BB@ pressie after

(f/ j) freshly deposited and (g/k) after 7 days of resting...........ccccoevvevviiceeiiiiiieceeennnnn. 209
Figurel106.(a) Electrochemical performance of Li/Cu cells atAcm?. (b) Coulombic

efficiency of Li/Cu cells atAcmP? and ImAhcmb? for 400 cycles.

(c) Galvanostatic lithim plating/stripping profile of Li/Cu cells at

1 mAcmP? and 2mAhcm??. (d) Longterm cycling of Li/Li symmetric cell with

the additive Mg(Cl@.. (e) Rate performance of symmetrical cell. Scanning

electron microscopy togview/crosssection images of cyall Limetal anodes

(100 cycles) obtained from LHCE (f, g) without and (h, i) with the additive............... 210
Figure 107X-ray photoelectron spectroscopy depth profiles for (top) high concentration

electrolyte and (bottom) localized high concentration electrolygdiat

(a/d) 10°C, (b/e) 25°C, and (c/f) 45°C during formation cycles..........cc.ccvvviiieennnnnnne. 211
Figurel08. Comparison of different results developed using the eCAD method. (a) Using coin

cell data at C/20 and C/10, (b) with different cathode formulations, cell

configuratiors and electrolytes, (©omparison to galvanostatic intermittent

titration (GITT) results, and (d) comparison of eCAD derived state of charge

(SOC) and-Kay diffraction determined SOC..........coooiiiiiiiii e e 212
Figure 109. Characterization of the electrolyte structure. (egypair distribution function

(PDF) data for low (1) and high (3M) concentration LiFSI electrolytes with

PC, DMC, or DME as the solvent. (b) Molecular structure of the three solvents

and the FSI anion. Carbon atoms are shown in black, hydrogen inldark b

oxygen in red, nitrogen in green, and sulfur in purple. (c) Comparison of

measured and calculated [using the electrolyte structure determined by

molecular dynamics (MD) simulatioRPFpatterns for highconcentration and

low-concentration DME electrgtes, and of (dpartial PDFs calculated from

MD simulations for pairs ofdanion oxygen (blue) and-kolvent oxygen
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Table oFigures

Figure 110. Near the anode surface, solvatéihllbw-concentration electrolyte (LCE) complex
(top) diffuses through ta electrolyte guided by the anion high electron affinity.
In highconcentration electrolyte (HCE, bottom left) gets trapped in a thick
3D network that is broken only through anion reduction and thick SEI
formation. In localized HCE (LHCE), the presehte diluent in the
2" solvation shell disrupts the strong cati@mion interaction and
allows Limigration with barriers comparable to LCE............ccccccciiiiimmiiiiiiiiiiiiieeee, 215
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A Message from the Manager

A MESSAGE FROM THE MANAGER:

ADVANCED BATTERY MATERIALS RESEARCH

AND BATTERY500 CONSORTIUM

This quarter, the Vehicle Technologies Office (VTi@)roduces 2Inew efforts to develop nexgfeneration
batteries that can outperform presétitium-ion batteries.A list of the new projects is provided in the
Tablebelow. Projects conducted by the national laboratcaies acadenaithat focus oraccelerating solidtate
electrolyte technologwill be managed by Dr. Simon Dimpson. Ms. Haiyan Croft wilhssist inmanaging
university/industry efforts to develop lithiusulfur and lithiumair batteriesTheprogres®of these new projects

will be reported within this and future BM&uarterlyreports.

Institution

Argonne National Laboratory

Argonne National Laboratory
Argonne National Laboratory
Argonne National Laboratory

Brookhaven National
Laboratory

Lawrence Livermore

National Laboratory
Lawrence Livermore

National Laboratory

National Renewable

Energy Laboratory

Oak Ridge National Laboraton

Oak Ridge National Laboraton
Oak Ridge National Laboraton

Oak Ridge Natinal Laboratory

Pacific NorthwesiNational
Laboratory

Pennsylvania State University

Stanford Univerdly

University of California,
Berkeley

University of California,
Berkeley

University of California,
Berkeley

University of California
San Diego

University of lllinois
Chicago

University of Pittsburg

BMR Quarterly Report

Title

Principal Investigator

Multifunctional Gradient Coatings for Scalable, HigiergyDensity Justin Connell

SulfideBased Solicbtate Batteries
Development of AlSolidState BatteryJsing AntiPerovskite

Electrolytes

Electrolytes for Higlenergy, AlSolidState, LithiuriMetal Batteries
Synthesis of Composite Electrolytes with Inttgd

Interface Design

InorganiePolymerComposite Electrolyte with Architecture Desigr
for LithiumMetal SolidState Batteries

ThreeDimensionaPrinting of AHSolidState Lithium Batteries

Integrated Multiscale Model for Design of Rohust
ThreeDimensional, Soli&ate Lithium Batteries

Low-Pressure AlSolidState Cells

Precision Control of thethium Surface for Soliébtate Batteries
SubstitutedArgyrodite Solid Electrolytes and Hi@apacity
Conversion Cathodes for AblidState Batteries

Lithium HalideBased Superionic Solid Electrolytes and Mghage

Cathode Interface

Polymer Electrolytes for Stableowimpedance SolidState Battery

Interfaces

Stable Soliestate Electrolyte and Interface for Higimergy
All-SolidState LithiumSulfur Battery
Development of LS Battery Cells with High Energy Density and

Long Cycling Life

Thioborate SolieéState Electrolytes for Practical /blid State

Batteries

PolyesterBased Block Copolymer Electrolytes for LithiMetal

Batteries

lon Conductive High tTransference Number Polymer Composite

for SolidState Batteries

SolidState Batteries with Long Cycle Life and High Energy Dens
through Materials Design and Integration
Strategies to Enable Lean Electrolytes for High Loading and Sta

Lithium-Sulfur Batteries

Development of a HigRate LithiumAir BatteryUsing a Gaseous

CQ Reactant

New Engineering Concepts to HighergyDensity Lthium-Sulfur

Batteries

XX

Zonghai Chen
Guiliang Xu

Sanja Tepavcevic
Enyuan Hu
Jianchao Ye
Brandon Wood

Anthony Burrell
Andrew Westover

Jagjit Nanda
Jagjit Nanda

X Chelsea Chen
Dongping Lu
Donghai Wang
Yi Cui

Nitash Balsara
Bryan McCloskey
Gerbrand Ceder
Y.Shirley Meng
Amin SalehKhojin

Prashant Kumta
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A Message from the Manager

A few notable achievements from BMR investiors during October 1, 202hrough Decemberl3 2021 are
summarized below:

I The team led by Jeff Sakamoto at the University of Michigan investigated the tradeoffs between lithium
thickness (or capacity) and current density during lithium stripping wisémg thin Limetal anodes
between 820pum with 17um thick LizLasZr,O12 (LLZO) electrolytes. They demonstrated that higher
current densities and thinner lithium films increase the instability in lithium stripping. These results have
significant general implications for using thinietal anodes with oxideased solid electhpes.

I Deyang Qu and the team at the University of Wisconsin, Milwaukezessfully made thin halidmsed
solid-electrolyteseparators less than-pon thick, leveraging small amounts of polytetrafluoroethylene
(PTFE) binders, and successfully laminated them tpr8Q@hick cathodes. The electrolyte was flexible and
achievedan ionic conductivity of 4 mS/cm.

I The University of lllinois Chicagq (Amin SalehiKhojin group) explored a Lair battery based on a carbon
dioxide reactant.They discovered a novel transition metal dichalcogenide alloy structure that serves as a
cahode catalyst and a -hinctional redox mediator that works in synergy with idigcid-based
electrolyte that promotes highate battery operatioriThe battery is capable of operating under 0.3 mA/cm

and high capacities of 0.3 mAh/éifcorresponding t8000 mAh/g) up to 100 cycles.

I The Argonne National Laboratory team (Chris Johnson and Khalil Amine) comibiisé&d synchrotron

based Xray diffraction and Xray absorption spectroscopy to reveal the capacity fade of O3 sodium layered
oxide NaNb.sMng+Cap 20O, cathode at both low (2-8.8 V) and high (2.81.4 V) voltage Their results show

that charging voltage limit does not play a dominant role in triggering capacity fade of O3 sodium layered
cathodes with native lattice strain.

I Mar ca Do e flfadrencetBerkeley Nattonal Laboratory improved anésohange process for
making a lepidocrocitstructured Mgs7Ti1s1804 phase. The replacement of interlayer monovalent cations
with divalent magnesium increases the number of available sites for sodi&ertion during
electrochemical sodiation. This electrode was found to cycle better than the sodiated version.

I The Brookhaven National Laboratory team (X@og Yang and Enyuan Hu) carried out structure
evolution studies of NaMnFeCoNiQusingsynchrotran-based Xray diffraction, and higtangle annular
dark fieldi scanning transmission electron microscopy. They found that after thehi@ngte process, the
atomic structure of NaMnoNiO; is partially transformed from Gf/pe to P3type, resulting in anixture

of O3 and P3 structure in this higimergydensity cathode material after the ficgtle.

The Battery500 Consortium, led by Pacific Northwest National Laboratory, was awarded a Phase Il
co-operative agreement. This effort is one of the largesétdyatesearch programs in the world and includes
members from Brookhaven National Laboratory, Idaho National Laboratory, SLAC National Accelerator
Laboratory, Binghamton University (State University of New York), Stanford University, University of
California at San Diego, and the University of Washington. Scientists from Texas A&M University, the
Pennsylvania State University, University of Marylaadd General Motors will also be supporting the effort.

The aim ofthe program remains the same as Phésddmonstration of a cell that delivers triple the specific
energy (500 wathours per kilogram, comparedtothe Z@Mwatth our s) of todayds el ect
and the ability to achieve 1,000 cycles. To accomplish this aggressive goal, the pgeodigdded intothree

key areas (Materials and Interfaces, Electrode Architecture, and Cell Fabrication, Testing, and Diagnosis) and
a crosscutting effort to ensure a rapid cédivel integration of any new advances in materials and components.
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A Message from the Manager

A few notable achievements from the Battery500 Team this quarter include:

I Arumugam Mant hiramds Te a mAusktindeasignedhsynthesizgdwstudeed a v o f
novel, cobak and manganedeee, highnickel cathode, (LiNigsAloosTio.0iMgo.0iO2). The material
displayed the highest capacity retention, with 82% after c§oles, compared to 60% for

LiNi 0.9dMIN0.0sC.0502 and 52% for LiNg.94AC.060.. Theteam also demonstrated that a simplnganese

salt additive can significantly improve-imetal plating morphology.

I The XiacQing Yang and Enyuan Hu team at Brookhaven National Laboratory utilizedrag pair
distribution function technique comldd with molecular dynamics simulations to probe thedlivation
structures in liquid electrolytes. It was found that in high concentration electrblgteolvation structure
promotes the anion reduction for solid electrolyte interphase (SEI) formadiie, the low concentration
electrolyte promotgsolvent reduction, showing that betigmium metal protection is obtained usia@igh
concentration electrolyte.

I Perl a Bal buenads team at Tabxintiesimll&ibh approackotevalsatet vy a p |
barriers forithium cation transport and deposition with simultaneous SEI formation ditttiuen anode.

They showed in high concentration electroliftata significant increase in the energy barriers for cation
diffusion and the ion complegdrapped in the high concentration electrolyte can slow down their surface
depositionenabling a thick and compact SEI to be built through anion decomposition, whereas the barriers

are significantly lower in localized high concentration electrolytesenfgeping an aniedominated SEI.

On a final note, th&TO will hold its Annual Merit and Peer Evaluation meetingm June 21to 23, 2022.
This hybrid event wll accommodatéoth inperson and virtual attendance. Thearson meeting will be at
the WasingtonHilton hotel in WashingtonD. C. Additional information may be foundonline
(www.energy.gov/eere/vehicles/anrnmagrit-review-agenda | hope to see you there.

On behalf of the VTO team,

Tien Q. Duong

Tien Q. Duong

Manager, AdvanceBattery Materials Research Program & Battery500 Consortium
Batteries & Electrification R&D

Energy Efficiency and Renewable Energy

U.S. Department of Energy
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Taskl i SolidState Electrolytes

TASK1 6 SolidState Electrolytes
Team_eadAndrew Westover, Oak Ridge National Laboratory

Summay and Highlights

The U.S. Department of Energy (DOE) has made a clear goal of realizinggeeetration batteries with an
energy densitygreater tharb00 Wh/kg, that can cycle for more than 3@@les, and that cademonstrate
high-rate capabilities. To achieve this stpnge in battery performance, a significant change in the battery
chemistry and cell design is needed. This task focuses on developingtatdiélectrolytes (SSEs) that enable
Li-metal anodes and higinergy cathodes to achieve just such a step ch@hgetask include4d.2 projects
centered in DOE national laboratories d&3dn companies and universities. 8¢ projects span the gamut of
different materials for SSEs, interfatdesign strategies to enablerbietal anodes, and higinergy cathodes.
Together, they can significantly impact the successful realization of the DOE battery performance targets.

In summary, the projects focus on research and development of a randjd efectrolytes (SEs), including:
sulfur ceramics and glass@sli 1.9,

oxide ceramicg1.107 1.13,

halides andanti-perovskite (1.137 1.15),

polymers (1.167 1.18),

composite (1.1971 1.22),

multiple electrolytes / full cells (1.231.24),and

Li-metali SSE interfacél.25).

L S G G e s

These projectencompasgommon research themes essential to achievingdrighgysolid-state batteries
(SSBg, including:

engineering high ioniconductivity > 1 mS/cm

developing electrolytes that are stable wittnioushigh-energy cathodes, including layered oxide cathodes,
high-voltage spinels, and conversion cathodes suchlas and Fek;,

developing electrolytes or interfaces that are stabth lithium metal
developing thinSEs20-100 um thick and
understanding the mechanicsSf$Bs.

—_—C m—C =

Highlights

I The team led by. Bakamoto at the University of MichigfdM) investigated the tradeoffs betwdihium
thickness (or capacity) and current density dutitgum stripping when using thin kinetal anodes
between 820 pm with 17um thick LizLasZr.O:2 (LLZO) electrolytes. They demonstrated that higher
current densities and thinnighium films increase thénstability in lithium stripping. These results have
significant general implications for using thin-tietal anodes with oxideasedSEs

I D.Qu and the team at tlniversity of Wisconsin, Milwauke@JWM) successfully made thin halidesed

SE separatorgess tharb0-pum thick, leveraging small amounts pblytetrafluoroethylene (PTFBinders

and successfully laminated them to-|8d thick cathodes. The electrolyte was flexible and achieved an
ionic conductivity of ~1 mS/cm.
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Taskl i SolidState Electrolytes

I N. Balsara and the Lawrea Berkeley National LaboratofiBNL) team successfully synthesized novel
polyesterbased polymer electrolytd®Es)as one of the key building blocks for a new type of block
co-polymer electrolyte
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TasklL1i Connell, ANL

Task 1.1 Multifunctional Gradient Coatings for ScalailaekHjgbensity SulfidBased
SolidState Batteries

(Justin Connell, Argonne National Laboratory

Project Objective. This task seeks tdevelop scalabl@approaches to synthesize gradienated sulfide
SSEparticles to improve their air/moisture tolerance and provide chemical compatibility witletl anodes

and highvoltage oxide cathodes. The compositional gradient is targeted to provide the additi@rahge of

lower interfacial impedance due to mitigation of detrimental, spontaneously formed space charge layers and/or
elemental interdiffusion at the sulfide S®kde cathode interface.

Impact. Development of coated SSE materials that provide stllvieimpedance interfaces with both anode

and cathode will enable higdnergydensity, alisolid-state full cells with improved cyclability at high rates
relative to benchmarked, uncoated materials. Coating the SSE directly will also remove the negatdte s

anode and cathode coatings, significantly reducing the cost and complexity associated with materials processing
while maintaining compatibility with rolto-roll manufacturing.

Approach. The team will leverage a surface sciebhesed, integrated pgrimentaltheoretical approach to
synthesize gradiertoated SSE powders, characterize the structure, composition, and intrinsic stability of
coated SSEs in contact with reactive electrodes, and directly correlate this understanding with their
electrocherital performance. Gradient coatings will be developgidgatomic layer depositiorALD) andbr

physical mixing methodologies viable at the kg/ton scale, ensuring technical and commercial relevance of the
final, optimized coating process. Well charactedizmodel surfaces will be used to understand the electronic
structure and chemical stability of the gradient coatings as a function of gradient composition and thickness to
understand the effect of spadearge layers and chemical reactions on interfesistance. They will accelerate
development and optimization of the gradient coatings for improved performance in fublyceditablishing

tight feedback loop between materials synthesis and experimental/computational characterization of interfacial
(electro)chemistry.

Out-Year Goals. The outyear goals are to demonstrate hagtergydensity, lowimpedance full cells
assembled from fully optimized, gradietdated SSE powders, higimergydensity cathodesand Limetal

anodes. The team will also sigedintly improve the ability to manipulate the formation of spatrge layers

at sulfide SSEoxide cathode interfaces based on mechanistic understanding of the extent to which they can be
mitigated to reduce overall cell impedance.

Collaborations. This prgect funds work within multiple divisions and directoratesAagjonne National
Laboratory ANL) and includes ixkind contributions from Solid Power.

Milestones
1. Baseline Li||Li symmetric cell testing and characterization of uncoated argyrodite SSEs. (QR2XY
In progress)
2. Chemical stability characterization of gradient coatings for argyrodite SSEs. (R22Y.
3. Computational assessment of electronic structure of candidate gradient coating chemistries2(R2) FY

4. ldentification of multiple gradientaating chemistries that deliver50% reduction in weight gain during
humidified air exposure. (Q1, FX023)
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TasklL1i Connell, ANL

ProgressReport

Progress for this new project will be reported next quarter.

Patents/Publications/Presentations

The project has no patents, publications, or presentations to report this quarter.
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TaskL21 Xu, ANL

Task 21 Electrolytes for HighergyAllSolidStateLithiurMietaBatteries

(Guiliang Xu, Argonne National Laboratory

Project Objective. The project objective is to develop ulitdn (<30mm) sulfide SSEs with high
roomtemperature ionic conductivity (> 0.01 S/cm) and high chemical/mechanical/electrochemical stabilit
and further integrate them with lithium metal and Higddingseleniumdoped sulfur (S&) cathodes through
rational interface engineering to devehipsolid-state LS batteriesASSLSB9 with high energy density and
long cycle life.

Impact. The prgect is related to development and mass production of-peégtormance sulfide SSEs for
high-energy allsolid-stateLi-S pouch cells. The success of the proposed project in meeting or exceeding
DOE targets can promote the practical implementation e8 Liattery in electric vehicles EVs), electric

aviation, and grid energy storage, and hence significantly reduce oil dependence and emissions of carbon
dioxide. It can also mitigate the domestic supply challenge on the critical raw battery materials (fuegxam
nickel and cobalt).

Approach. The thicknessaand chemical/interfacial stability of sulfide SSEs are the critical challenges for
energy density, cycle life, and mass production otalild-state LiS pouch cells. The team will combine
innovative material design, electrode architecture fabrication, dvahaed diagnostics tools to address these
challenges. Specifically, the approaches include: (1) improving air stability and ionic conductivity of sulfides
through synthetic control and cation/anion doping, (2) fabrication of flexible thick SeS cathpdeediphin
sulfide electrolytes to ensure intimate contact and increase the energy density, (3) stabilizétgliulfide
electrolytes interface via interlayer and additives design to increasetite current densityGCD) of lithium
stripping/pldting, (4)advanced LiS pouch cell design, and (5) multiscale advanced diagnostic sutisias

X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS),-rdy imaging, andocused ion beani
scanning electron microscop¥IiB-SEM) to understand anoivercome the degradation pathways.

Out-Year Goals. The outyear goals are to scale up the optimal sulfide SSEs to develdgvahallsolid-
state LiS pouchcellsthat can reach a cell energy density 09 Wh/kg with 80% capacity retention for
> 300cycles at a current density of > 1 mA/&m

Collaborations. The team is closelgollaboratingwith top scientists at University of Chicago (X. Huaagyl
atAdvanced Photon Source (C. Sun, W. Xu, D. Zhang, and J. Deng) and Center for Naviaterédés (Y.Liu

and M.Chan) of ANL forin situ diagnostics on the synthesis and aging mechanism of the proposed
sulfide SSEs.

Milestones
1. Set up a dedicated lab for synthesis, processing, and characterization of sulfide SSEs. ZQ22; FY
In progress)
2. Revealing the formation and degradation mechanism of sulfide SSE. (@B2RY Inprogress)

3. Composition tuning of sulfide SSE. (Q3, R022; In progress)

4. Development of doped sulfide SSE with high ret@mperature ionic conductivity (> 1 mS/cm) and air
stability. (Q4, FY2022; In progress)
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TaskL21 Xu, ANL

ProgressReport

Progress for this new project will be reported next quarter.

Patents/Publications/Presentations

The project has no patents, publications, or presentations to report this quarter.

BMR Quarterly Report 6 FY 202 Q1 (v.5Aprik02)



TasklL37 Cui, Stanford

Task 1 Thioborate Solidate Electrolytes for PracticabkdState Batteries

(Yi Cui, Stanford University)

Project Objective. This project aims to develop novel lithium thioborates (lithibononsulfur, LBS) as a new

class of SSEs to realize higlerformanceall-solid-state batteries (BSB9, with a particular focus on
addressing the technical challenges in electrolyte synttesisntegration, failure diagnostics, and seate

The approach will be technologically transformative to the current solutions for ASSB development. For the
final deliverables, ASSBs with the ability to reach an energy density of 500 Wh/kg and ma@#aicapacity

for at least 300 cycles will be demonstrated

Impact. The project approaches provide new directions toward developing -togiductivity and
electrochemically stable sulfimased electrolytes for ASSBs. Such hgrformance electrolytes camable
the practical realization of ASSBs with a high energy density and improved safety.

Approach. The long-term project has a multitep approach toward integration of LBS with higitage
cathodeswith steps 13 as the focus for this year:

1. Fabricateundoped LBS powders using an-sdilid-state synthesis method to achieve high ionic
conductivity, low electronic conductivity, and a wide operational voltage window.

2. Integrate LBS SSEs into symmetii@/LBS/Li cells and into full batteries using higloltage
cathodes including lithiui-Mn-Co (NMC) oxide.

3. Study atomic, particle, and cedtale LimetalSSE interface development and dendrite growth
mechanisms in SSEs using advanced characterization tools. Use knowledge to better develop SSEs
andmodify interfaces for stable cycling in full cells.

4. Fabricate dopetdBS powders and develop particle/surface modifications to increase ionic
conductivity as well as stability in full batteries and in air for glovefreg synthesis.

5. Usedensity functionatheory OFT) to guide development of new doped LBS materials and to
explore interactions at solgblid interfaces.

Out-Year Goals. In the following year, the team willedelop solidstate reaction methods to synthesize
undoped LBS powders and construcfLBS/Li symmetric cells to test the electrochemical performance of
synthesized LBSMeanwhile the team will utilize advanced characterization tools [for example, cryogenic
electron microscopy (cry&M), X-ray computed tomography (CT), etc.] to resolvertiweostructure of Li/LBS
interphase and investigate the electrochemical stability between LBS and lithium metal.

Collaborations. The Y. Cui group is collaborating with W
E.R e e d 6 s cngptalstrucpure Comutation) at Stanford as well adgth Y. Liu (advanced characterization)
at SLAC National Accelerator Laboratory (SLAC)

Milestones

1. Develop solidstate reaction methods to synthesize undoped LBS powders with high ionic conductivity.
(Q1, FY2022; In progress)

2. Construct Li/LBS/Li symmetric cells for electrochemical characterizati@®, FY 2022; In progress)

3. Study the evolution dfi/LBS interphase(Q3, FY202)

4. Resolve the nanostructure of LI/LBS interphase using advanced characteriZati@xsngple, cryo-EM,
X-ray CT, etc.). Achieve ionic conductivity of LBS SSE of £.00% S cm'. (Q4, FY2022)
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TasklL37 Cui, Stanford

ProgressReport

In collaboration with the E. Reed group at Stanford, the team discovered that the theoretical ionic conductivity
of LBS SSEs can ezh 74 mS crh Motivated by these calculations and by the possibility of discovering a new
class of SSEs made from eaabundant elements, they are working to develop LBS SSEs with high ionic
conductivity and high stability for application in full bates. First, they worked to synthesize hijgrity

Li10B10S0 SSE (Figurel). Currently, they are working to synthesize hjglrity LisB7Si13 SSE. By altering the

ratio of starting materials, higiemperature sintering procedure, and total length of sintering, they have been
able to synthesize a mixguhase LiB7S19/Li10B10S0 SSE. Another important task of this project is to increase

the yieldof the reaction to grams scale. Using a new reactor setup, they have increased the quantity that can be

produced in one reaction tol® grams.

a b
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Furnace
BN crucible /
Sealed — /.. Heat S5 {g‘: .
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Figurel. (a) The crystal structure ofdBicsa (b) Schematic illustration of the synthesis of tl#1dS0 powder. (c) Xay diffraction
(XRD) data fitting ofitB16S20 Experimental data are shown in blue line; the red line denotes the calculated pattern; the difference
profile is shown in grey; and calculated positions of the XRD peaks are showeabscksttid) Photo image ofdBiocS:o powder.

(ef) Photo image ofdBicSz0 pellet from (e) top view and (f) side view.

Patents/Publications/Presentations

The project has no patents, publications, or presentations to report this quarter.
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TaskL4i Nanda, ORNL

Task M1 Substituted Argyrodite Solid Electrolytes a@dddigity Conversion Cathodes fq
AllSolidState Batteries

(Jagjit Nanda, Oak Ridge National Laboratory)

Project Objective. The project aims atysthesis and fabrication of libn conduting argyrodite SEs with
nominal composition kPSX, where X9 chlorineand/orbromine The teamwill combine electrochemical
impedance spectroscopilf) with complementaryn situ spectroscopy and microscopy to identify buried
interfacial sidereaction products and quantify the voltage losses associated with these side reactions.
Specifically,theyplan to investigate the interfacial reaction between variosBIX SE and Liion cathodes
belonging to different structural familiesdnsition metalTM)-based sulfides and fluoriddei( exampleFeS

and Fek) and highvoltage layered oxidedof example LiNiogVing1C0.102, NMC-811). New dopants such

as niobium and partial subtstiion of sulfur with oxygerwill be explored to improve stability of argyrodite SEs
againstithium metal and higkvoltage cathodes.

Impact. The proposed work addresses key technical barriers to achievetai SSBs with energy densities of

> 450 Wh/kgand 1,000 Wh/L, which amitical for nextgeneration EVs. Integrating new sulfide SEs prepared
through scalable, lowgost solvenimediated routes with high capacity, earth abundant conversion cathodes (for
example, sulfur, Fef-and Feg will lower SSBcost to $80/kWh and eliminate use of critical materials such
as cobalt and nickel.

Approach. Scalablesolutionbased processing routes will be developed to produce freestanding sulfide/binder
solid-state separators with thicknesses0um anchrea spedi€ resistanceASR) < 5 én?. G{hese ultrahin
separators will be integrated with-frietal anodes and high areal capacity conversion cathodes (for example,
sulfur, Fe$, and Fek) to demonstrate labcale prototype SSBs. As a crasg activity, varioudn situ and

exsitu passivation methods will be combined with enabling characterization techniques to facilitate
Li* transport across electrode/SE interfaces

Out-Year Goals.OptimizeSSB performance by: (1) varying cathode composition, particle sizgoaasity,

(2) applying halideich and carbon layers at electrode/electrolyte interfaces, and (3) evaluating how stack
pressure (0-10 MPa) and temperature (Z5°C) impact performance. Targets: retemperature cycling with

areal capacities 5 mAh/cnt, current densities 8 mA/cnt, stack pressures kMPa, and 20% capacity fade

over 300 cycles.

Collaborations. D. Hallinan and his group are funded collaborators to develop the binder system for sulfide
SEs and evaluate compatibility with cathode andnketal. P. Jena from Virginia Commonwealth University
will be an unfunded collaborator on DFT modeling of bullidr transport andb initio molecular dynamics
(AIMD) at SE interfaces

Milestones
1. Produce LIPSX (X =CI, Br, and/or 1) SEs using solvenimediated routes with ionic conductivity

01 x 10° S/cm* at room temperatur¢Q1, FY 2022)

2. Optimize synthesis and annealing conditions to obtain phaseSE LiIPSX powders. Evaluate structure
using XRD, Raman, and neutron scatterii@g, FY 2022)

3. Compare the structure and*Leonductivity of LsPSX prepared through solventediated ersus
mechanechemical and solidtate route§Q3, FY 2022)

4. Integrate SSB using ¢PSX SE with a working cathode and thin-trietal anode fotesting and capacity
optimization (Q4, FY 2022)
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ProgressReport

Progresdor this new project will be reported next quarter.

Patents/Publications/Presentations

Theprojecthas no patents, publications, or presentations to report this quarter.
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Task B Stable Sok#tate Electrolyte and Interface feEhghy, ABolidState,
LithiunSulfur Battery

(Dongping Lu, Pacific Northwest National Laboratory)

Project Objective. The project objective ito address material and interfacial barriers of sulfidsed solid

state electrolyte (SSE) for deep cycling of kinetal anode imll-solid-state lithium batteriesASSLBS. All
proposed work will be focused on development of highly conductive sulfidmhductors with extremely low
Li/SSE interfacial resistance and ufttan multifunctional interlayer to enable deep and stable lithium cycling.
The SEs and interlayer assembly achieved in the project will be tested at practical conditions and validated
realistic LiS pouch cells.

Impact. ASSLBs have the potential to achieve higher energy and power densities, extending the range of EVs
and reducing charging time simultaneously. The success of the project would advance the research and
deployment of sperionic SEs and protective -tompatible interlayers to suppothe DOE Vehicle
Technologies Office (TO) target of developing nexgeneration ASSLBs for EVs, accelerating market
acceptance of longange EVs required by the EV Everywhere Grand Challenge.

Approach. Theprojectproposes the following approach: (1) to developdimpatible superionic sulfideased

SSEs and effective coating approaches, (2) to stabilize Li/SSE interface by employing a multifunctional
interlayer, (3)o enable robust Lie mixed conduction network for a highading sulfur cathode, (4) to develop

dry processing for SSE film, cathode, and interlayer fabrication, and (5) to advance the mechanism study of the
sulfur cathode, lithium anode, and interfaces by multiscale charatienizand multiscale modeling.

Out-Year Goals. This projecthas the following ouyear goals:

~

| Development of Limetalcompatible SSSEs with Li/SSE interfacial resistance5¥ ¢ fn and
roomtemperature Liconductivity >5 mS/cm.

Operation of lithium anodat CCD > 1 mA/crf and lithium cycling for at least 400 cycles.

Ultra-thin multifunctional interlayer to enable deep lithium cyclingd mAh/cn? to couple high
arealcapacity cathode.

Dry processing of an SSE/interlayer assembly with an overall ioniaictinidy > 1 mS/cm
Validation of the SSSE, highareal capacity cathode, and bilayer assembly in a realisScaauch cell.

—_C -

—_C =

Collaborations. This project engages in collaboration with the following:YDQu (UWM), C.M. Wang
(Pacific Northwest Nationdlaboratory,PNNL), H. Du (Ampcera Inc.), J. Bao (PNNL), and Z. Lithérmo
Fisher Scientifi}.

Milestones
1. Synthesis ofithium halides doped S SE t o realize | ow Li/SSE apfeal i n
and highroomtemperaturedi*c onduct i vi ty ( 0 2022; 6 progigsr m) . (Q1, FY

2. Development of surface treatment approach to improve moisture stabilt8 8ES(Q, FY 2022)
3. Optimization, characterization, and simulation of Li/SSE interface and its dynamics. (Q82BY

4. Optimization of external pressure to improve CEOL mA/cn¥) and Li/SSE/Li cycle life (400cycles).
(Q4, FY 2022)
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ProgressReport

Progress for this new project will be reported next quarter.

Patents/Publications/Presentations

The project has no patents, publications, or presentations to report this quarter.
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Task B Development of Thin, Robust, L-Ithpenetrable, HiGbnductivity, Electrochemi
Stable, Scalable, and-Cmst Glassy Solid Electrolytes fofS&kd_ithium Batteries

(Steve Martin, lowa State University of Science and Jechnology

Project Objective. The projectobjecive is to develomewLi*-conductingmixed oxysulfide nitride MOSN)
glassy solid electrolyte§SSEs)hat are impermable to lithium dendritebave high conductivities, are scalable
through lowcostglassmanufacturing, are chemically and electrochemically stable, and will enableokiyw
high-energydensitysolid-state lithium batteries (SSLBs)he SSLBs constructed from these new GSEs will
meet and exceed all program objectivesahlespecificenergy@C/ 3  @Vh/Rg5cllendarife of 15years
cyclelife (C/3 deep discharge with20% energyade)of 100Q and © s t$10@WkWh

Project Impact. This projectwill enablethe teamto demonstrate thfollowing: (1) thin MOSN GSE films
yield superior perforrmnce in a much safer, loweost, and.i-dendriteimpenetrable formand (2) high rate
and long cycle life can be achieved in SSLBs using-fiim MOSN GSEs.The new GSEs in SSLBs are
anticipated to increase energy density (armakis) from ~300mAh/g to ~4,000mAh/g, enabling replacement
of internal combustion engines in both lightty and heawduty vehicles. Each 20%duction in the
~ 1.6billion liters of gasoline used per day in thaited Statesvould reduce C@emissions by 4 billion kg

or 2x 10" | of CO, per day.The teamwill also increase scientific and engineering knowledge offilim
GSEs in SSLBs

Approach. The MOSN mixed glass formeMGF) glasses used for the GSEs in this project were developed in
previous work to have theecessary thermal stability and high ionic conductivity for successful use as a
drawnfilm electrolyte. In this project, the glass chemistry will be tuned for even more desirable properties, by
investigating structurproperty relationships and testingiagions in glass chemistry

Out-Year Goals.Work will progress toward developing a glass capable of being drawn tprii@Bickness,
while having high conductivity and electrochemical stability and good cycling ability.

Collaborations. There are nactive collaborations this quarter.

Milestones

1. Accomplish: Large MOSN MGF GSE preforms @®x0.5cmx30cm) demonstrate %vol%
crystallization at 90°@bovethe glass transition temperature. (Q1, FY 2022; Completed)

2. Accomplish: Optimize draw conditie for MOSN GSE to achieverBx5cmx <50um thin films.
(Q2, FY2022; In progress)

3. Accomplish: Fabricate MOSMGF Li|GSE|Li cells in intermediate area format2 en?. (Q3,FY 2022;
In progress)

4. Go/NoGo Decision Fabricate MOSN MGF GSE cells in larflermat ~ 5 cri Cells achieve targeted
performance metricg\nalysis indicates technical approach capable of achieving performance t@dets.
FY 2022; In progress)
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ProgressReport

Task 1. Development of Optimized High Li Conductivity MOSN MGF GSEs
Initiate Development of Preforms of MOSN MGF GSEsdbait Crystallize

This quarter, efforts continued to furt M&FGSEsvel op
Previous efforts on the IS® series continuedwith minor setbacks. Between different batches of the
ISU-9, z=1.0 glass, a difference in working range was found of more than 70°C. From Raman spectroscopy
done on each batch, it appears that the batch with the lower working range had free stitigrideamtbwer
crystallization temperature; work has been done to improve the purity and quality of the raw materials prior to
melting. The team is testing different lithium silicates as dopants in this system.

Tablel.Chemical composition and naming scaef variousnixed oxysulfide nitridglasses

Sample ID Compositional Formula

ISU-5 0.60LiLS + 0.40Sis+ 0.1LIPG

ISU-6 0.58LiS + 0.315Sis+ 0.105LiPQ

ISU-7(X) 0.58LiS + 0.315 Sig+ 0.105 [(EX) Lio.sP g7+ XLiIPO2.53No 314
ISU-8(X, Y) yLi2S + 0.75(1)SiS; + 0.25(Ly)LiP 1Al Os

GSE-1 yLi2S + (2Y)[(1-X)SiS; + XLiPOq]

ISU-9(2) 0.58LiS + 0.315Si8+ 0.105[(12)LiPOs + zLi,SiOj]

Efforts have been made to further understand the a
MOSN GSEs, ISU7. In particular, the various previously mentioned analytical spectroscopy techniques have
been useful in identifying many of the eshical bonds in these glasses and other important structural
information; however, they have been unable to detect nitrogen in the glass. As a result, the team has shifted to
using techniques that are more sensitive to the elemental composition of theslsnarhus, Xray
photoelectron spectroscopy (XPS) was used to identify the elemental makeup in these MOSN MGF GSEs. The
XPS spectra were collected for the ISl$eries of glasses (Table 1) for 0, 0.1, and 0.2, and are given in

Figure 2a. It can beoted in Figure 2 that not only can a nitrogen signal be easily detected for these glasses, the
team can also determine from the chenstdlt of the nitrogen 1s peak that nitrogen is present in two structural
bonding configurations. One arrangementiietordinated nitrogen (often referred to as NT), and the other is
di-coordinated nitrogen (often referred to as ND). An example of these two types of nitrogen species is shown
in Figure2b. The presence of nitrogen is within expectations, and it is agstat these GSEs do indeed
contain nitrogen. However, it is significant to note that when carefully analyzing the XPS data, the presence of
nitrogen can be seenx¥+ 0 where there is no LIPON incorporated into the sample. Nominally, of course, this
sanple should not contain any nitrogen. Given that is does, the team conducted experiments to determine the
origin of the adventitious nitrogen the nominally and supposedly nitrogieee x = 0 GSE.
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Figure 2. (a)-»ay photoelectron spectra of {80.58125 + 0.32SiS- 0.1[(&)Lb.ePQ.e7+ XLiIPQeNo.313}
x = 0, 0.1, 0.2 with-¢bordinated (NT) and-atiordinated (ND) nitrogen modes presentExajnples of
NTand ND nitrogen in trgtassy solid electrolytes

XPS was performed on the raw matetitd s Q.57 and, as seen in Figure 3a, both NT and ND are present.
This material is synthesized outside of the glovebox using lithium carbonate and ammonium phdsgdiate di
(NH.):HPQ,. The byproducts of this reaction are water, oxygen, and ammonia, and it appears that the ammonia
byproduct reincorporates itself into theosP Q.57 simil ar to how the teamds
synthesize LIPON. To test this hypothesiis,s PO s7was then synthesized inside of the glovebox using pure

and nitrogerree LbO and POs. XPS was performed to determine if nitrogen was present in this glass. As
expected, Figure 3b shows no substantial nitrogen signal in this material; thus, it whthiduhe synthesis

of LiosP Ox.s70utside the glovebox using nitrogbearing starting material, (NHHPQ;, leads to incorporation

of nitrogen into the starting material, which in turn leads to the presence of nitrogen in these GSEs.

The team then rerda the ISU7 series of GSEs using th& 6P Q.57 that was synthesized inside the glovebox
without nitrogen precursors. After remaking FKWvith the new nitrogeifreeLio sP O s7, XPS was conducted

on this new series of IS@ (x = 0, 0.1, 0.2) GSEs; thepectra argiven in Figure 3. Azan be seen and as
expected, there is no nitrogen present inxtheé spectra and for= 0.1 and 0.2, NT and ND are present. This

is promising information, as this can provide insight into the impact that nitrogerpdmation has on
GSEproperties. Future studies will aim to use XPS to characterize the GSE structure to compare the difference
between the starting material made inside the glovebox versus the material made outside the glovebox.
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Figure 3. (a)-»ay photoelectron spectra (XPS) e .s7made outside the glovebox and inside the
glovebox. (b) XPS spectra of-ISig= 0, 0.1, 0.2) with the nawsPQ.sz Tricoordinated miogen (NT) and
di-coordinated nitrogen (ND) signal can only be seen in x = 0.1, 0.2, while x = 0 remains clear of any

nitrogen signal.

Work has also been done to further explore the GSEries. In the previous report, Fourier transformation
infrared (FTR) spectroscopy data were gathered for @S#= 0.58,x = 0 to 1. To further expand the study
of these GSEs, the team also examined0.56 andy = 0.60 glasses. Figure 4ashows the FTIR spectra of
thex =0, 0.2, 0.5, 0.8pnefrom each GSH, respetively, withy = 0.60, 0.58, and 0.56. It can be seen that
each spectrum is rather similar. However, in comparison to the synthesis of these matggalfound that
fory=0.56 andy = 0.6 GSEs, they readily crystallized at loweralues around = 0.6. This means that these
GSEs will rather crystallize when more LiPi® added to them, while= 0.58 will not crystallize untik = 0.7.

This information can assist in understanding the tunability of these GSEs. Future work will be conducted to
incorporate nitrogen and determine the impact it can have on these materials.

To further characterize the crystallization and viscositybeha r o f

t he

pr oj eainidg

gl as

calorimetry (DSC) experiments were performed and analyzed to determine the crystallization temperature and

the viscosity behavior through tiaurd Yuei Ellisoni Guptd Allan model(MYEGA) model. As such,he

team can now predict the viscosity behavior of other glasses at varying temperatures, includinghe ISU
z =1.0 glass. Several samples of each series were run, and linear regression was utilized to determine the
fragility index, m, along with an apppriate 95% confidence interval of the viscosity, with previously reported

glass systems being retested to confirm results. These new viscosity curves are plotted in Figure 5.
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these spectra appear similar; however, there are reductions in
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Figure 4. Fourier Transformation Infrared (FTIR) spegtizSof (1)[XSiS + (IYLIPQ]

identified to respective bonds. Fory(@)0.6, (by
intensity in select modes suggesting that there is a changeniistrly.
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Figures. Plot showing the viscosity curves of various studied glass from the MYEGA model and
their crystallization at 1°C/min heating rate. Shaded regions indicate a 95% confidence interval
for the fragility parameter.

Task 2. Develop MicreaSheet Glass Ribbon Proessing Facility for GSEs
Continue to Develop and Optimize the GSE MiStweet Glass Ribbon Processing Facility

Optimization efforts continued for the Mic®heet Glass Ribbon Processing Facility to improve ribbon
drawing capabilities. Lithium metaphospadLiPG;) film was produced in large quantities for testing cathode
application techniques. While working with the LiR®everal tests were conducted. The drawing process was
stopped, allowing the furnace to cool to room temperature, then restartedowitbakage or loss of material.
Several collection technigues for the finished film were tested, using a hot wire knife for clean collection of the
LiPOs film, or for continuous removal of the edge material. Once the edge material was removed, the thin,
flexible ribbon was rolled around a tube. Unfortunately, this was unsuccessful, with thefiliiiPreaking
multiple times.

Additional work on improving surface quality of drawn thin film was conducted as part of a concurrent sodium
GSE project. The thinlgss ribbon produced by the drawing process is sensitive to moisture, and a pristine
surface is necessary for optimal interfacial behavior when fabricating cells. Once pieces of film are collected,
they are transferred to a separate glovebox, leadingnte sorface contamination. To prevent this, a new
transfer container was designed that allows for a better seal and flushing of inert gas from nitrogen to argon.
The equipment and procedures developed for these sodium GSE films will also be applieot@dBi films.
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Task 3. Develop Processing Conditions Micrk&heet Ribbons of MOSN MGF GSEs
Compl ete Optimization of Draw Conditions for Opti m|

Work has started to produce IS8glass in numerous small, higjuality batches, which can then be combined

to form a large ~ 200 g preform. Previous large preforms made by melting and casting all of thg of 200

glass from raw materials in a single naid have experienced crystallization during the drawing process. These
attempts were produced and melted as one large batch, which resulted in lower quality glass; any inhomogeneity
in the preform may have caused heterogenous crystallization.-Batetiprocessing has been found to result

in higher quality glass, for example, by preventing-tewperature heterogenous crystallization and allowing

for drawing. Several batches have been completed with the intent to fully draxgudtity MOS GSE thin

films next quarter. Prior to the small batches being combined and remelted into one homogenous melt,
DSCexperiments will be run to confirm homogeneity of the glass batches and ensure that each batch is on
chemistry and high quality. Analysis of the glass titaors and crystallization temperatures of each batch
compared to expected values from previously studied small batches will enable this. Further testing through
Raman spectroscopy may also be conducted to ensure that theaegerorder structures of éalbatch are as
expected and that no major impurities are present.
small batches of the various GSE compositions, current analysis indicates thatjaahighpreform of ISU6

will be able to bedrawn into a thin film.

Task 4. Fabricate and Test ASSLB GSEs in Large Area Planar Formats

Complete Testing of Optimized MOSN MGF GSE in Intermediate Cell Format ASSLBs
Complete Testing of Optimized MOSN MGF GSE in L-&gk Format ASSLBs

Cyclic voltammety (CV) of the ISU9, z = 1.0 composition was conducted in sroall format to determine

the electrochemical stability window of the GSE. The voltammogram is shown in Figure 6. Similar to
previously reported data, the 1IS0Jcomposition shows good stahjlin the range from ® V versus Li/L{.

Minor peaks are present from @& V, which appear to be from residual sulfur from the.SiBese peaks
appear smaller in this graph than for previously reported glass series, indicating that-theel$$ maype
slightly more stable than previously reported compositions.

Current (nA)
N

6F i

ISU-9,z=1.0

_8 1 1 1 1 1 1
0 1 2 3 4 5

Potential (V) vs. Li/Li*

Figure 6. Cyclic voltammogram for the iQUz = 1.0
composition showing overall stable behavior with minor
oxidative peaks around 22 V.
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To assess performance of the GSEs in a variety otdllliformats, coin cells were assembled using indium

foil as theanode, bulk ISkb as the GSE, and LiFeR©oated aluminum foil as the cathode material. A solvate
ionic liquid (IL) consisting of a trityme solvent andithium trifluoromethanesulfonimide (LFSI) salt was

placed at the cathodBSE interface to reduce interfacial resistance. These cells were tested using CV and
galvanostatic cycling. As seen in Figure 7a, CV of the full cells show two clear peaks correlating to the oxidation
and reduction reactiored the InLi system. There is a relatively large overpotential present in this cell that may
be attributed to polarization in the relatively thick glass disk (rm). It is believed that this polarization will
decrease when utilizing a thiittm MOS GSEof significantly, that is, orders of magnitude, smaller overall
impedance. No other undesired redox reactions were observed in the voltammogram. Galvanostatic cycling of
the full cells revealed stable cycling up to 55 cycles at a charge rate of C /®&f,islégure 7b. Cycling also
shows relatively higitapacity retention with small capacity changes between cycles believed to be from
moderate temperature changes in the lab. Testing in a more tempecaiinodied location would lead to more
consistentesults, and work is being done to better control the environment where cells are tested.

(@)

(b)

Figure?.(a) Cyclic voltammogram showing stable redox behaviotrof &b | LiFePCrull

cell with a small amatiof ionic liquidlL)on the cathoddb) Cycling behavior of an In | 35U

| LiFeP@full cell with a small amountlafon the cathode showing stable cycling with low
capacity fade.
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